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Abstract
The LHC parameters are chosen to meet the physics re-
quirements expressed in terms of energy and luminosity.
They are very demanding for the beam dynamics, with the
ultimate limits set by the beam-beam effects. Although the
beam-beam parameter is much less than in LEP, the ab-
sence of damping and the long range interactions cause a
dynamics very different from LEP and LHC. An overview
of these effects will be given with emphasis on the impact
on the design and performance.
1 INTRODUCTION
The CERN Large Hadron Collider (LHC) is designed for
highest luminosity and therefore requires an operation with
high bunch intensities. The main limit will come from
beam-beam effects and a good understanding of these ef-
fects is essential. Some specific features are very critical,
were not present in past or existing colliders and may entail
effects where little or no experience is available. In partic-
ular some of these effects are very different from a lepton
machine like LEP. Examples for such features are:
• Hadron collider and practically no damping
• Like sign particles
• Two-in-one design of dipole magnets
• Many bunches and crossing angle
• Holes in bunch train (”PACMAN” bunches)
• First hadron collider operating in the strong-strong
regime
I shall attempt to point out the main differences and explain
the basic implications of these effects and to summarize the
present status of the understanding and the consequences
for the LHC design.
2 CROSSING ANGLE
2.1 Beam separation
Unlike the SPS collider or the Tevatron, the LHC will be
operated with a large number of closely spaced bunches
(nearly 3000 in each beam). In order to avoid unwanted
collisions in the part of the ring where the two beams share
a common vacuum chamber, the beams collide at a small
crossing angle in all experimental interaction regions. The
orbit bump producing a vertical angle of ± 150 µrad is
shown in Fig. 1 for interaction region 1 (ATLAS exper-
iment) [2]. The orbit bumps for this angle are provided
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Figure 1: Crossing angle bump for ring 1 in IP1. Orbit for
ring 2 is antisymmetric around the collision point.
by dedicated corrector magnets independently for the two
rings to allow individual adjustment of the beams [2].
2.2 Long range interactions
However, since the common part is much longer than the
bunch spacing of 25 ns, parasitic interactions, so-called
long range interactions, of the separated beams cannot be























Figure 2: Schematic view of head-on and long range inter-
actions.
interaction for well separated beams is weak, due to their
large number (around 30 in each interaction region) their
contribution to the beam-beam effects becomes very im-
portant. In Fig. 3 we show schematically some important
features of long range interactions. The bunch spacing de-
termines the number of long range interactions. The mag-
nitude of the kick δx depends on a further crucial parameter
which is the relative separation, i.e. the separation in units
of the beam size, at the position of the encounter. It can
easily be shown, that this separation is constant in the free




Figure 3: Schematic view of long range interactions.
the final focussing triplet[3] and can be written as:
dsep(s)
σ(s)
≈ α · s√






for s  β∗
where α is the full crossing angle, β∗ the β-function at the
collision point, ∗ the normalized emittance, Due to the de-
pendence on β∗ the long range interactions are important
only in high luminosity, i.e. low β ∗ interaction points.
A larger separation can be achieved by an increased
crossing angle, however a large crossing angle entails sig-
nificant difficulties and side effects:
• The luminosity is reduced due to the incomplete
bunch overlap
• The required aperture is increased
• A large crossing angle generates residual dispersion at
the interaction point
• Stronger non-linear fields at large transverse offsets in
the quadrupoles are seen by particles
• Synchro-betatron resonances can be excited
Both types of interaction, i.e. head-on and long range
effects, contribute to the non-linear detuning with ampli-
tude and must be taken into account when the overall tune
spread due to beam-beam effects is computed. This tune
spread is usually presented in the form of footprints, i.e. a
mapping of the amplitudes into the tune space.
2.3 Alternating crossings
A particular feature of long range interactions can be used
to minimize the unwanted effects. Since the focussing ef-
fects depend on the local gradient of the applied force, par-
ticles of a well separated beam, i.e. several times the trans-
verse beam size, experience a focussing of opposite sign in
the plane of separation than in the other plane. It is there-
fore possible to compensate largely the tune shifts due to
long range interactions by alternating crossings, i.e. hori-
zontal and vertical crossings in the low β∗ interaction re-
gions [3, 4].
2.4 PACMAN bunches
A particular feature of LHC beam-beam effects arises from
the structure of the bunch trains. Due to the finite rise
time of extraction and injection kickers and the LHC beam
dump, some small gaps in the train are required. Alto-
gether, only 2835 out of 3564 possible bunch positions are
occupied. The structure of the original proposal is shown
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= 127 bunches (beam dump)
Total:  729 bunches missing
Figure 4: Bunch structure along LHC bunch trains.
in Fig. 4. Ideally, a bunch in one beam always meets an-
other bunch of the opposite beam at all possible encoun-
ters. However, a bunch near a gap meets the corresponding
bunch at the head-on collision but may encounter an empty
place at the position of a long range interaction. In the
extreme case, a bunch will experience all long range inter-
actions on one side, but no long range interactions on the
other side of the head-on collision point. This is the case
for the first and last bunches of a batch. Furthermore, due
to the large gap for the beam dump and the present layout
of the experiments around the ring, a substantial fraction
of the bunches misses also head-on collisions [4] in the in-
teraction points 2 and 8. A consequence of the different
collision schedule for different bunches in the train is a dif-
ferent integrated beam-beam effect, possibly leading to dif-
ferent tune, chromaticity and orbit. It can be expected that
the machine is optimized for the nominal bunches, there-
fore the bunches which experience the largest difference
may become unstable or have a shorter lifetime. It has be-
come a habit to call these bunches ”PACMAN bunches”
and depending on the exact filling scheme, less that half of
the bunches in the train have the nominal collision sched-
ule. Whenever the stability of bunches is evaluated, it has
to be ensured for the extreme cases, i.e. the nominal and
the most unfavourable bunches. Otherwise the latter may
be lost and the variation of the collision schedule would
propagate to contiguous, nominal bunches, hence the des-
ignation of PACMAN-effect.
2.5 Tune footprints
A first important question was whether the present cross-
ing angle (full angle 300 µrad) is appropriate to separate
the beams sufficiently in the presence of beam-beam effects
and non-linear fields in the final focussing quadrupoles. A
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Figure 5: Tune footprints for nominal and PACMAN
bunches.
first quantitative indication is given by the tune footprints
[5]. In Fig. 5 the total footprints including all head-on and
long range interactions for 4 interaction points are shown.
The tunes are shown for amplitudes up to 6 σ in both trans-
verse planes. The change of the footprint for extreme PAC-
MAN bunches is demonstrated clearly. Due to the com-
pensation effects by alternating crossing planes, the foot-
prints are almost symmetric in the two transverse planes,
in particular no substantial shift of the entire footprint can
be seen, as one would expect from crossings in only one
plane. Due to this effect, the PACMAN bunches do not sig-
nificantly contribute to the overall tune spread since their
tune shift relative to nominal bunches is also compensated.
For this reason the alternation of the crossing planes is ab-
solutely essential. The complete footprint has to be ac-
commodated between resonance lines of low order. For
the standard working point of qx = 0.31 and qy = 0.32 all
resonance lines below the 13th order are avoided.
2.6 Dynamic aperture
For an evaluation of the particle stability, various simula-
tion codes were used. Fig. 6 shows T. Sen’s [9] simula-
tion results for the dynamic aperture as a function of the
full crossing angle. Random as well as systematic mag-
netic errors are included in this simulation. The tracking
was done for 105 turns for crossing angles between 100
and 350 µrad. It shows an increase of the dynamic aperture
with increasing crossing angle up to 300 µrad where it be-
comes flat. For smaller angles the aperture is comparable to
the normalized beam separation, indicating the importance
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Figure 6: Dynamic aperture as a function of crossing angle.
turns showed that the dynamic aperture is rather flat above
300 µrad.
A complementary approach was presented where a sim-
plified model of the lattice and beam-beam interaction was
used, allowing an easier parameter scan [10]. Without non-
linearities in the arc, but systematic and random errors in
the triplet, the particle diffusion rate in betatron action was
studied. Fig. 7 shows the diffusion rate in the action as a
function of the crossing angle for particles at 5 σx,y . A fast
increase of the diffusion rate is observed below 300 µrad,
confirming the above results qualitatively. It has also been
shown that the diffusion rate increases dramatically when
the particle’s amplitude reaches the beam separation, show-
ing again the importance of long range interactions.




Beam-beam effects in the strong-strong regime have to be
expected when the LHC is operated at the highest intensi-
ties with protons. The coherent response of a bunch can
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excite rigid bunch oscillations and the dipolar nature of the
coherent kick changes the orbit of the bunches. Both ef-
fects need attention at the LHC. Furthermore, higher order
coherent modes such as quadrupole or radial modes may
be excited for certain tune values.
3.1 Coherent beam-beam modes
The bunches of the LHC can perform coherent oscillations
around their closed orbits. For the simplest case with only
one bunch per beam, two principal modes can be distin-
guished: the σ-mode where the two opposing bunches os-
cillate in phase and therefore do not change their relative
distance. This mode oscillates at the frequency of the un-
perturbed tune and since the bunches are locked together,
cannot be driven unstable by the beam-beam interaction.
The second mode is the π-mode where the bunches oscil-
late exactly out of phase and the beam-beam effect causes
a maximal tune shift relative to the unperturbed tune. The
π-mode can become unstable when it is close to a low or-
der resonance. These modes have been clearly observed
at LEP and were identified as beam-beam modes, however
the very fast damping at LEP (6 ms at highest energy) stops
any onset of instability.
3.2 Loss of Landau damping
It was demonstrated [6] for the simple case of head-on col-
lisions, that in the strong-strong regime the π-mode tune
shift is sufficient to move it outside the incoherent tune
spread generated by the beam-beam interaction. The co-
herent mode cannot therefore couple to the incoherent os-
cillators and Landau damping is not possible. It was shown
that this occurs when the ratio of the beam-beam strength
parameters of the weak to the strong beam is larger than
0.6, which is always satisfied for the LHC. For equal bunch
parameters one expects a shift of ≈1.21 ξ with respect
to the unperturbed tune, while the incoherent spread ex-
tends between 0 and ξ. These predictions were confirmed
by multi-particle simulations [7]. The control of a pos-
sible instability may require a bunch-to-bunch feedback
system unless other means can be found. However, the
present model does not contain the effect of coherent long
range kicks which cause a tune shift of opposite sign. A
more refined model needs to be studied including long
range kicks, possibly IP offsets, dispersion at the interac-
tion point etc. A further complication of coherent parasitic
kicks is their large number and the fact that they couple
many bunches together. A very large number of additional
modes with frequencies between the two extreme modes
must be expected. There is however some hope that the to-
tal tune spread may be sufficient to recover Landau damp-
ing and that small tune differences between the participat-
ing bunches can further stabilize the coherent motion.
3.3 Possible cures
A possible cure to the problem of the two beams coupled
into a coherent motion was proposed at the workshop [8].
When the tunes of the two beams are sufficiently different,
they cannot be locked into a common oscillation. It has
been shown that a tune difference in the order of ξ is suf-
ficient to decouple the motion and the modes are stable as
long as the motion of the individual beams is stable. When
the two beams are not coupled, they only experience the
other beam as a fixed focussing element which changes the
tune by ξ/2, i.e. half the incoherent tune shift. The new
frequency is again inside the incoherent spread and Landau
damping is possible. Simulations and experimental veri-
fication are foreseen to test this possibility. Since several
possible working points are considered for the LHC such a
tune split is feasible. The resulting footprints are then dif-
ferent for the two beams and the stability in the working
diagram has to be evaluated separately. This decoupling is




















































Figure 8: Spectral density of σ- and π-modes for increasing
tune split ∆ = (Q1 −Q2)/2ξ [6].
demonstrated in Fig. 8 where the spectral density of the
σ- and π-modes is plotted as a function of increasing tune
split between the two beams. It shows that the π-mode
merges with the incoherent spread when the tune differ-
ence is around 1.5 ξ, in agreement with the expectations
and simulations [7].
Another cure is the damping of the modes by an active
feedback system. However the specifications for such a
feedback system are rather tight to avoid emittance growth
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[6]. For typical LHC parameters, the noise of the beam
position monitors must be smaller than 1 µm to keep the
emittance growth smaller than 100% during 8 hrs.
4 ORBIT EFFECTS
4.1 Beam-beam induced orbit effects
When bunches interact with a small transverse offset, the
beam-beam force has a constant contribution which is eas-















Such a constant, i.e. amplitude independent, kick is merely
an orbit kick and does not change the tune. Such orbit ef-
fects have limited the operation of LEP with bunch trains
and are regularly used in LEP operation to adjust the head-
on collision with so-called beam-beam deflection scans
where the orbit response is measured while the colliding
bunches are slowly displaced against each other. Normally
orbit effects can be corrected, however we have demon-
strated that different bunches in the train experience dif-
ferent beam-beam effects and may therefore have different
closed orbits. This is in particular true for the extreme PAC-
MAN bunches which have less than half the nominal orbit
distortion. It can be shown in a first order calculation that
the expected orbit differences at the collision point are in
the order of 0.2 σ [3, 4, 5]. Although the loss of luminos-
ity due to such a separation is small, other effects such as
reduced lifetime may cause operational difficulties. Fur-
thermore, collisions at small offsets excite odd order res-
onances, which normally are not excited by pure head-on
collisions. It was estimated that for the excitation of the
13th order resonance a separation of 0.85 σ is equivalent
to the crossing angle of 300 µrad, which can also excite
odd order resonances. The expected values seem to be safe
provided the crossing angle does not pose a problem and
the 13th order resonance is indeed the principal problem.
The exact effect depends on the phase advance between the
interaction points and the periodicity of the experimental
regions. It is advantageous to have the two high lumi-
nosity regions exactly opposite in azimuth because the or-
bit effects from these two points are then decoupled at the
collisions points, independent of the tune, but under the
condition that the phase advance between the two points is
symmetric [4]. The orbit changes due to the parasitic kicks
also affect the separation at these parasitic encounters and
a self-consistent calculation is in principle required. Such
an algorithm was developped for LEP, however only for a
maximum of 16 bunches. Recently this algorithm was ex-
tended to allow the self-consistent calculation for all LHC
bunches [11]. The results are presented in Figs.9 and 10.
Both figures show the horizontal offset at interaction point
1 for the forward (Fig.9) and backward (Fig.10) beams, in-
duced by the accumulated orbit effects of the four nomi-
nal interaction points. Clearly visible are the shapes of the






















self−consistent orbits (black: forward, red: backward)
Figure 9: Self-consistent orbits for forward beam (Ring 1).
Horizontal offset at IP1.






















self−consistent orbits (black: forward, red: backward)
Figure 10: Self-consistent orbits for backward beam (Ring
2). Horizontal offset at IP1.
orbits (offset) along the 35 batches, showing the nominal
bunches and the individual orbits of PACMAN bunches.
The shape of the different batches follow the structure de-
fined and shown in [4].
Although rough estimates (see above) can be made, the
real tolerances for the offsets are unknown. Simulations as
well as experiments on existing hadron colliders are fore-
seen to study this issue. A very valuable tool for the mea-
surement of these effects would be a bunch-by-bunch lu-
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